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SUMMARY 
Because of t h e i r  re la t ive  ease of f a b r i c a t i o n ,  advanced s t a t e  of d e s i g n ,  and low 
a b e r r a t i o n s ,  Luneburg l e n s e s  are a t t r ac t ive  c a n d i d a t e s  as  elements  i n  i n t e g r a t e d -  
o p t i c s  d e v i c e s ,  b o t h  f o r  s i m p l e  beam-forming a p p l i c a t i o n s  and f o r  i n f o r m a t i o n  pro- 
c e s s i n g .  Few materials,  however, p o s s e s s  t h e  combinat ion of h i g h  r e f r a c t i v e  index ,  
low absorbance ,  and ease of d e p o s i t i o n  r e q u i r e d  f o r  making Luneburg l e n s e s  s u i t a b l e  
f o r  u s e  on high-index o p t i c a l  waveguides,  such a s  t h o s e  formed by d i f f u s i o n  of T i  
i n t o  LiNb03. We have found t h a t  Luneburg l e n s e s  of good q u a l i t y  can b e  formed on  
such waveguides by e v a p o r a t i o n  of a r s e n i c  t r i s u l f i d e  g l a s s  through s imple  masks. 
Using o n l y  two t h i n  c i r c u l a r - a p e r t u r e  masks, w e  could  r e a d i l y  o b t a i n  Lenses w i t h  
f o c a l  s p o t s  o f  a few t i m e s  t h e  d i f f r a c t i o n - l i m i t e d  w i d t h  a t  f / 4 .  
been des igned  f o r  and t e s t e d  a t  b o t h  v i s i b l e  (633 nm) and i n f r a r e d  wavelengths .  
Losses  are g e n e r a l l y  s m a l l  i n  b o t h  wavelength r e g i o n s ,  a l though much of t h e  guided 
l i g h t  i s  coupled i n t o  t h e  l e n s  r e g i o n .  There e x i s t  r e s t r i c t i o n s  on t h e  s t e e p n e s s  of  
t h e  l e n s  p r o f i l e  n e a r  t h e  edge i f  p a r t i a l  coupl ing  t o  l o c a l  modes i n  t h e  l e n s  r e g i o n  
is  t o  b e  avoided.  
i n  t h e  As2S3 g l a s s  by exposure  t o  b l u e  o r  u l t r a v i o l e t  l i g h t ,  t h e  f o c a l  l e n g t h  of  t h e  
l e n s  can b e  s h o r t e n e d  o p t i c a l l y  a f t e r  f a b r i c a t i o n .  This  technique  permi ts  i n - s i t u  
o p t i m i z a t i o n  of l e n s  c h a r a c t e r i s t i c s  w i t h  no a p p a r e n t  d e g r a d a t i o n  i n  f o c a l - s p o t  qua l -  
i t y .  Procedures  f o r  t h e  d e s i g n ,  f a b r i c a t i o n ,  and t e s t i n g  of  l e n s e s  of t h i s  t y p e  w i l l  
b e  d e s c r i b e d .  
These lenses have  
S i n c e  a n  i r r e v e r s i b l e  change i n  r e f r a c t i v e  i n d e x  can b e  e f f e c t e d  
INTRODUCTION 
R e a l i z a t i o n  of i n t e g r a t e d  o p t i c s  d e v i c e s  r e q u i r e s  development of i n t e g r a t e d  ana- 
l o g s  t o  t h e  components fami l ia r  i n  c o n v e n t i o n a l  o p t i c s .  Among t h e  most i m p o r t a n t  of 
such components i s  t h e  l e n s .  I n t e g r a t e d  l e n s e s  can b e  u s e f u l  n o t  o n l y  f o r  t h e  u s u a l  
f o c u s i n g  and beam-forming o p e r a t i o n s ,  b u t  a l s o  as da ta-process ing  elements  e x p l o i t i n g  
t h e  F o u r i e r - t r a n s f o r m  p r o p e r t y  of t h e  l e n s .  
f o r  t h e  d e s i g n ,  f a b r i c a t i o n ,  and e v a l u a t i o n  of one t y p e  of i n t e g r a t e d  lens- the  
Luneburg lens-on p l a n a r  o p t i c a l  waveguides formed by d i f f u s i o n  of t i t a n i u m  i n t o  
LiNbO3. 
LiNb03 s u r f a c e  by thermal  e v a p o r a t i o n  through s imple  masks. Few m a t e r i a l s  o t h e r  t h a n  
c h a l c o g e n i d e  g l a s s e s  l i k e  As2S3 p o s s e s s  t h e  h i g h  r e f r a c t i v e  index,  low absorbance  and 
ease of d e p o s i t i o n  r e q u i r e d  f o r  making t h i s  t y p e  of l e n s  on a high-index material 
l i k e  LiNb03. 
W e  have r e c e n t l y  developed t e c h n i q u e s  
The l e n s e s  are formed of  o v e r l a y e r s  of As2S3 g l a s s  d e p o s i t e d  o n t o  t h e  
I n  t h e  p r e s e n t  paper  w e  d e s c r i b e  and exemplify our  c u r r e n t  procedures  
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f o r  making AszS3 Luneburg l e n s e s .  
wavelength p h o t o s e n s i t i v i t y  of t h i s  material  can b e  used t o  a d j u s t  f o c a l  l e n g t h  
a f t e r  l e n s  f a b r i c a t i o n .  
W e  a l s o  d e s c r i b e  how t h e  well-known s h o r t -  
BACKGROUND 
Three p r i n c i p a l  classes of l e n s e s  have been i n v e s t i g a t e d  f o r  u s e  i n  i n t e g r a t e d  
o p t i c s .  
Geodesic waveguide l e n s e s ,  f i g u r e  l a ,  are  formed by c r e a t i n g  a s p h e r i c a l  depres-  
s i o n  i n  t h e  waveguide s u b s t r a t e  and t h e n  f a b r i c a t i n g  t h e  waveguide by d i f f u s i o n  o r  
f i l m  d e p o s i t i o n  ( r e f .  1). A r a y  of l i g h t  encounter ing  t h e  d e p r e s s i o n  e n t e r s  i t  i n  a 
d i r e c t i o n  determined by t h e  p e r p e n d i c u l a r  d i s t a n c e  of t h e  r a y  from t h e  center of t h e  
d e p r e s s i o n .  It t h e n  proceeds a l o n g  a g e o d e s i c  curve  u n t i l  i t  encounters  t h e  edge of 
t h e  d e p r e s s i o n  a g a i n ,  whereupon i t  r e e n t e r s  t h e  p l a n a r  r e g i o n  of t h e  g u i d e .  The 
index  of r e f r a c t i o n  f o r  t h e  guided mode i s  p r a c t i c a l l y  unchanged i n  t h e  d e p r e s s i o n ,  
b u t  t h e  p a t h  l e n g t h  depends on t h e  p a r t i c u l a r  geodes ic  t r a v e r s e d  by t h e  r a y ;  f o c u s i n g  
o c c u r s  because  of t h i s  d i f f e r e n t i a l  p a t h  l e n g t h .  S i n c e  f o c u s i n g  i n  g e o d e s i c  l e n s e s  
i s  a g e o m e t r i c a l  e f f e c t ,  a l l  waveguide modes are focused  w i t h  t h e  s a m e  f o c a l  l e n g t h .  
S p h e r i c a l  g e o d e s i c  l e n s e s  s u f f e r  from s p h e r i c a l  a b e r r a t i o n  which must b e  cor-  
r e c t e d  f o r  high-performance u s e s .  This  can b e  done by p l a c i n g  a c a r e f u l l y  c o n t r o l l e d  
l a y e r  of  material  i n  t h e  d e p r e s s i o n ,  ( r e f .  Z), o r  by u s i n g  c o r r e c t i n g  l a y e r s  e x t e r n a l  
t o  t h e  d e p r e s s i o n  ( r e f s .  3 , 4 ) .  Both t h e s e  methods remove t h e  mode-independence of  
t h e  f o c a l  l e n g t h .  A n  a l t e r n a t i v e  way t o  remove s p h e r i c a l  a b e r r a t i o n  i s  t o  u s e  a n  
a s p h e r i c  d e p r e s s i o n  ( r e f .  5 ) .  
Geodesic l e n s e s  have s e v e r a l  drawbacks. The f a b r i c a t i o n  techniques  are slow and 
c o s t l y .  Ent rance  edges must b e  rounded t o  p r e v e n t  e x c e s s i v e  l o s s e s  and s c a t t e r i n g  
from an  a b r u p t  t r a n s i t i o n  from t h e  p l a n a r  gu ide  i n t o  t h e  d e p r e s s i o n .  T h i s  rounding 
t e n d s  t o  l e a d  t o  a n  u n c e r t a i n t y  i n  t h e  f o c a l  l e n g t h .  F i n a l l y ,  t h e  waveguide i n  and 
around t h e  d e p r e s s i o n  must b e  made s t r o n g e r  because  t h e  c u r v a t u r e  of t h e  d e p r e s s i o n  
t e n d s  t o  i n t r o d u c e  r a d i a t i o n  l o s s e s  i n  weak g u i d e s .  T h i s  i s  a p a r t i c u l a r  problem i n  
LiNb03 d e v i c e s ,  where c r y s t a l  s i z e  and c o s t  l i m i t a t i o n s  o f t e n  w i l l  n e c e s s i t a t e  u s e  of 
s h o r t  f o c a l  l e n g t h s .  
D i f f r a c t i o n  l e n s e s ,  f i g u r e  l b ,  are  waveguide a n a l o g s  t o  t h e  F r e s n e l  zone p l a t e .  
A d i f f r a c t i o n  l e n s  i s  a g r a t i n g  whose p a t t e r n  approximates  t h e  t h i c k  hologram formed 
by r e c o r d i n g  t h e  i n t e r f e r e n c e  p a t t e r n  c r e a t e d  by t h e  i n t e r s e c t i o n  of a converg ing  
c y l i n d r i c a l  wave and a p l a n e  wave. The lens c o n s i s t s  of an  o v e r l a y e r  of l i n e s  t h a t  
f o l l o w  t h e  f r i n g e s  of  t h e  i n t e r f e r e n c e  p a t t e r n .  I n  exper imenta l  work on such  l e n s e s  
( r e f .  6 ) ,  t h e  l i n e  p a t t e r n  w a s  c a l c u l a t e d  by computer and r e p l i c a t e d  by e-beam 
l i t h o g r a p h y  t o  g e n e r a t e  a mask which w a s  t h e n  used t o  f a b r i c a t e  t h e  l e n s  
p h o t o l i t h o g r a p h i c a l l y .  
The p r i n c i p a l  advantages  of d i f f r a c t i o n  l e n s e s  are l o w  c o s t ,  speed and s i m p l i c -  
i t y  of  f a b r i c a t i o n ,  and p o t e n t i a l  f o r  au tomat ion .  T h e i r  p r i n c i p a l  d i s a d v a n t a g e  i s  
t h e i r  ex t remely  l i m i t e d  f i e l d  of view. 
The Luneburg l e n s  ( r e f .  7 ) ,  i s  one of t h e  c lass ica l  gradien t - index  l e n s e s .  It 
h a s  found a p p l i c a t i o n  i n  microwave a n t e n n a s  and beam formers ,  b u t  u n t i l  t h e  advent  of 
i n t e g r a t e d  o p t i c s  i t  w a s  i m p r a c t i c a l  i n  o p t i c a l  systems s i n c e ,  i n  a b u l k  o p t i c a l  s y s -  
t e m ,  t h e  r e f r a c t i v e  i n d e x  a t  t h e  edge of t h e  l e n s  must e q u a l  t h a t  of a i r .  A 
252 
th ree-d imens iona l  Luneburg l e n s  i s  c o n v e n t i o n a l l y  d e f i n e d  as a s p h e r i c a l l y  symmetric 
r e f r a c t i v e  index  d i s t r i b u t i o n  t h a t  p e r f e c t l y  f o c u s e s  t h e  s u r f a c e  of a f i x e d  s p h e r e  
onto  t h e  s u r f a c e  of a second f i x e d  s p h e r e .  I n  t h e  two-dimensional world o f  i n t e -  
g r a t e d  o p t i c s  t h e  d i s t r i b u t i o n  i s  c i r c u l a r l y  symmetric and t h e  s p h e r e s  are r e p l a c e d  
by c i rc les .  O r d i n a r i l y  w e  c o n s i d e r  t h e  s i t u a t i o n  where one s p h e r e  becomes of i n f i -  
n i t e  r a d i u s  and t h e  o t h e r ,  i n  t h e  g e o m e t r i c a l - o p t i c s  approximat ion ,  s h r i n k s  t o  a 
p o i n t ;  so t h e  l e n s  behaves l i k e  a c o n v e n t i o n a l  l e n s ,  b r i n g i n g  a p l a n e - p a r a l l e l  beam 
t o  a f o c u s .  For  s p e c i f i c  o p t i c a l  da ta -process ing  o p e r a t i o n s ,  though, o t h e r  configu-  
r a t i o n s ,  p o s s i b l y  n o t  conforming t o  t h e  c o n v e n t i o n a l  d e f i n i t i o n ,  might b e  d e s i r e d .  
The p r a c t i c a l i t y  of Luneburg l e n s e s  i n  i n t e g r a t e d  o p t i c s  r e s u l t s  from t h e  c i r -  
cumstance t h a t  t h e  i n d e x  of r e f r a c t i o n  a t  t h e  l e n s  edge i s  s imply t h a t  of t h e  wave- 
g u i d e  mode r a t h e r  t h a n  t h a t  of a i r .  The r e q u i r e d  r e f r a c t i v e - i n d e x  d i s t r i b u t i o n  can 
b e  produced i n  a waveguide by d e p o s i t i o n  onto  t h e  g u i d e  s u r f a c e  of  a n  o v e r l a y e r  of 
material  w i t h  a p r e s c r i b e d  v a r i a t i o n  i n  t h i c k n e s s ,  as i n d i c a t e d  i n  f i g u r e  l c .  T h i s  
t h i c k n e s s  p r o f i l e  i s  produced by s p u t t e r i n g  o r  e v a p o r a t i n g  t h e  l e n s  material  o n t o  
t h e  waveguide s u r f a c e  through a c i r c u l a r  mask wi th  shaped edges.  
Luneburg l e n s e s  ( r e f .  8) have been f a b r i c a t e d  u s i n g  a Ta2O5 o v e r l a y e r  on a 7059 
s p u t t e r e d  g l a s s  waveguide. 
D i f f r a c t i o n - l i m i t e d  
Any material t h a t  i s  n o t  h i g h l y  a b s o r p t i v e  can b e  used t o  make Luneburg l e n s e s ,  
b u t  o n l y  materials w i t h  a re f rac t ive  index  h i g h e r  t h a n  t h e  s u r f a c e  index  of t h e  
waveguide can produce mode-index changes l a r g e  enough t o  make s h o r t - f o c a l - l e n g t h  
l e n s e s .  For  LiNbO3 waveguides,  t h e  s u r f a c e  index  is i n  t h e  range 2 . 1  t o  2 .3 ,  depend- 
i n g  on wavelength and p o l a r i z a t i o n .  Chalcogenide g l a s s e s  have r e f r a c t i v e  i n d i c e s  i n  
t h e  r a n g e  2.3 t o  2 .5  and t h e y  can r e a d i l y  b e  d e p o s i t e d  by s p u t t e r i n g  o r  e v a p o r a t i o n .  
One of  t h e  s i m p l e s t  materials t o  u s e  i s  amorphous As2S3, which i s  r e a d i l y  a v a i l a b l e  
i n  t h e  form of chunks of  g l a s s  from which material  y i e l d i n g  good q u a l i t y  f i l m s  may b e  
evapora ted  a t  500-700°C. W e  have found t h i s  mater ia l  q u i t e  s u i t a b l e  f o r  t h e  forma- 
t i o n  of Luneburg l e n s e s  on LiNb03. 
It i s  impor tan t  t h a t  t h e  o v e r l a y  f i l m  b e  t a p e r e d  i n  t h i c k n e s s  a t  t h e  l e n s  edges 
so t h a t  s p u r i o u s  modes i n  t h e  lens r e g i o n  n o t  b e  e x c i t e d .  These modes occur  when 
t h e  r e q u i r e d  o v e r l a y e r  t h i c k n e s s  i s  s u f f i c i e n t  t o  a l l o w  h i g h e r  modes i n  t h e  under- 
l y i n g  waveguide t o  e x i s t .  A s  t h e  f i l m  t h i c k n e s s  is  i n c r e a s e d ,  t h e  s i n g l e  mode of t h e  
waveguide i s  s lowly  "pul led"  up i n  e f f e c t i v e  index,  u n t i l  a p o i n t  i s  reached  when t h e  
i n d e x  r a p i d l y  i n c r e a s e s  beyond t h e  waveguide s u r f a c e  v a l u e ,  toward t h e  b u l k  i n d e x  of 
t h e  f i l m .  A s  t h i s  r a p i d  change i s  o c c u r i n g ,  a new mode appears  i n  t h e  waveguide, a 
mode t h a t  w a s  c u t  o f f  f o r  t h i n n e r  f i l m s .  This  mode r e p l a c e s  t h e  o r i g i n a l  s i n g l e  mode 
of  t h e  g u i d e ;  i t s  index  r a p i d l y  i n c r e a s e s  t o  t h e  v i c i n i t y  of t h a t  of t h e  o r i g i n a l  
gu ided  mode, where i t  remains u n t i l  i t  t o o  i s  f i n a l l y  p u l l e d  up i n t o  t h e  f i l m .  T h i s  
p r o c e s s  c o n t i n u e s ,  w i t h  new modes b e i n g  p u l l e d  up i n t o  t h e  guide  from c u t o f f  t o  
r e p l a c e  lower modes t h a t  have been p u l l e d  i n t o  t h e  f i l m .  A s  a r e s u l t ,  t h e r e  i s ,  
roughly  speaking ,  a lmost  always a mode p r e s e n t  having a n  e f f e c t i v e  index  v e r y  n e a r  
t h a t  o f  t h e  o r i g i n a l  waveguide. I f  t h e  f i l m  t h i c k n e s s  changes t o o  r a p i d l y  a t  t h e  
edge,  t h e n  i n  t h e  r e g i o n  where t h e  o r i g i n a l  mode i s  l i f t e d  i n t o  t h e  f i l m ,  s t r o n g  
c o u p l i n g  can  occur  between t h e  incoming mode and t h e  s p u r i o u s  mode l i f t e d  from c u t -  
o f f  by t h e  p r e s e n c e  of t h e  f i l m .  T h i s  coupl ing  o c c u r s  because t h e  e f f e c t i v e  i n d e x  
d i f f e r e n c e  between t h e  incoming mode and t h e  s p u r i o u s  one i s  s m a l l  and i s  changing 
more s l o w l y  t h a n  t h a t  between t h e  incoming mode and i t s  c o n t i n u a t i o n  i n  t h e  f i l m  
r e g i o n .  The r e s u l t  o f  such  c o u p l i n g  i s  t h e  appearance of m u l t i p l e  focused  s p o t s  and 
i n c r e a s e d  a p p a r e n t  loss of t r a n s m i s s i o n .  The i n c r e a s e d  loss may n o t  b e  t o o  s e r i o u s ,  
b u t  t h e  t r a n s m i s s i o n  of t h e  s p u r i o u s  modes through t h e  l e n s  i s  d e l e t e r i o u s  f o r  most 
a p p l i c a t i o n s  and can b e  d i s a s t r o u s  f o r  p r o c e s s i n g  a p p l i c a t i o n s .  
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D E S I G N  
The d e s i g n  of t h e  Luneburg l e n s  i n v o l v e s  t h e  f o l l o w i n g  s t e p s :  
1. S e l e c t  t h e  d e s i r e d  o p e r a t i n g  wavelength,  l e n s  a p e r t u r e  and f o c a l  l e n g t h ;  
c a l c u l a t e  t h e  f I # .  
2 .  S e l e c t  t h e  o v e r l a y  mater ia l ,  waveguide p r o f i l e ,  and waveguide parameters .  
3. Select  t h e  o p e r a t i n g  mode and p o l a r i z a t i o n .  
4 .  Solve t h e  wave propagat ion  e q u a t i o n  f o r  t h e  s p e c i f i e d  c o n d i t i o n s  and f o r  a n  
o v e r l a y  of a r b i t r a r y  t h i c k n e s s  t o  f i n d  mode i n d i c e s  r e q u i r e d  f o r  p r o p a g a t i o n  
b o t h  i n s i d e  and o u t s i d e  t h e  l e n s  r e g i o n .  ( A s  n o t e d  by Southwell  ( r e f .  9 ) ,  
i t  is easier t o  c a l c u l a t e  t h e  o v e r l a y  t h i c k n e s s  as a f u n c t i o n  of t h e  mode 
i n d e x ) .  
5. For t h e  g i v e n  f / #  e v a l u a t e  t h e  Luneburg-Morgan i n t e g r a l ,  which g i v e s  t h e  
mode index  r e q u i r e d  a t  a g iven  r a d i u s  i n  t h e  l e n s  r e g i o n  t o  o b t a i n  p r o p e r  
f o c u s i n g .  
6 .  Using t h e  r e s u l t s  of 4 ,  de te rmine  t h e  l e n s  t h i c k n e s s  needed t o  o b t a i n  t h e  
d e s i r e d  mode index .  
7 .  From t h e  r e s u l t s  of 5 and 6,  t a b u l a t e  t h e  r e q u i r e d  l e n s  p r o f i l e .  
8. D e s i g n , a  mask arrangement  which w i l l  produce a l e n s  having a p r o f i l e  c l o s e  
t o  t h e  s p e c i f i c a t i o n s  of 7 .  
The f i r s t  t h r e e  s t e p s  r e q u i r e  l i t t l e  d i s c u s s i o n .  The l e n s e s  d i s c u s s e d  i n  t h i s  
S i n c e  r a y s  p a s s i n g  
paper  are  des igned  f o r  a wavelength,  e x t e r i o r  t o  t h e  guide ,  of 633 nm. They have 
a p e r t u r e s  of  6 mm and d e s i g n  speeds of f l 4 . 3  f o r  f u l l  a p e r t u r e .  
v e r y  c l o s e  t o  t h e  l e n s  edge are n o t  always w e l l  focused ,  w e  o f t e n  d e s i g n  f o r  a 
r e s t r i c t e d  a p e r t u r e  a l i t t l e  smaller t h a n  t h e  l e n s  d iameter .  The l e n s e s  are genera l -  
l y  made on single-mode waveguides,  f o r  which w e  assume a Gaussian index  p r o f i l e  w i t h  
a d i f f u s i o n  l e n g t h  of 2 um. Our d e s i g n  e q u a t i o n s  are s t r i c t l y  c o r r e c t  o n l y  f o r  TE 
modes; b u t  s i n c e  f o r  h i g h l y  asymmetric waveguides t h e  o n l y  d i s t i n c t i o n  between TE 
and TM modes i s  i n  t h e  s u b s t r a t e  index ,  good d e s i g n s  f o r  TM modes can a l s o  b e  ob- 
t a i n e d  by s imply u s i n g  t h e  a p p r o p r i a t e  v a l u e  f o r  t h a t  parameter .  
To f i n d  t h e  o v e r l a y  t h i c k n e s s  r e q u i r e d  t o  o b t a i n  a d e s i r e d  mode i n d e x  ( s t e p  4 ) ,  
w e  have made a s t r a i g h t f o r w a r d  e x t e n s i o n  of t h e  c a l c u l a t i o n  i n  r e f e r e n c e  9 f o r  a 
uniform waveguide l a y e r  t o  t h e  case of an  inhomogeneous guide c h a r a c t e r i z e d  by a 
Gaussian r e f r a c t i v e  i n d e x  p r o f i l e  - t h a t  i s ,  n (y)  N nb + (ns - nb) e - Y 2 / A 2 ,  where 
nb i s  t h e  b u l k  i n d e x  of t h e  l i t h i u m  n i o b a t e ,  ns i s  t h e  i n d e x  a t  t h e  s u r f a c e  of  t h e  
waveguide l a y e r ,  A i s  t h e  d i f f u s i o n  l e n g t h ,  and y i s  depth  below t h e  s u r f a c e  i n t o  t h e  
waveguide. W e  used t h e  WKB approximation ( r e f .  10)  t o  de te rmine  t h e  mode p r o p a g a t i o n  
c h a r a c t e r i s t i c s  of t h e  guide .  S i n c e  most of t h e  guided l i g h t  i n  t h e  l e n s  r e g i o n  
p r o p a g a t e s  i n  t h e  o v e r l a y  material  r a t h e r  t h a n  i n  t h e  o r i g i n a l  waveguide, t h e  e x a c t  
c h a r a c t e r i s t i c s  of  t h e  d i f f u s e d  waveguide do n o t  i n f l u e n c e  t h e  c a l c u l a t e d  l e n s  pro- 
f i l e s  g r e a t l y ;  b u t  t h i s  i s  n o t  t o  s a y  t h e y  do n o t  need t o  b e  known w i t h  some accu- 
r a c y .  
ns l e d  t o  a change of 10% i n  t h e  c a l c u l a t e d  l e n s  t h i c k n e s s  a t  t h e  c e n t e r .  
A s  an example, i n  one c a l c u l a t i o n  a change of  40% i n  t h e  assumed s u r f a c e  i n d e x  
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The r e q u i r e d  mode-index t o  o b t a i n  f o c u s i n g  a t  a g iven  l e n s  r a d i u s  i s  o b t a i n e d  
( s t e p  5) from t h e  s o l u t i o n  of t h e  Luneburg-Morgan i n t e g r a l  e q u a t i o n .  
112 
du. 
In-=-  ( t  - z, sin-' (u2 + z )  
Next (u2 + 2 2 )  11 2 
In  t h i s  e q u a t i o n ,  N ( r )  is  t h e  mode i n d e x  a t  r a d i u s  r i n  t h e  l e n s  r e g i o n ,  w h i l e  N e x t  
is  t h e  mode i n d e x  o u t s i d e  t h e  l e n s .  The parameter  t i s  t h e  r e c i p r o c a l  o f  twice t h e  
f/number of t h e  l e n s ,  and z = t R ,  where R = 2 r  N(r) /A N e x t .  
In  t h e  form p r e s e n t e d  h e r e ,  t h e  i n t e g r a l  i s  e a s i l y  e v a l u a t e d  t o  5 decimal  p l a c e  
accuracy  by a s i n g l e  16-poin t  Gaussian q u a d r a t u r e .  
A i s  t h e  l e n s  a p e r t u r e .  
S t e p s  6 and 7 merely i n v o l v e  t a b u l a t i o n  and p o s s i b l y  i n t e r p o l a t i o n .  
Given t h e  l e n s  p r o f i l e  r e q u i r e d  f o r  a p a r t i c u l a r  f o c u s i n g  requi rement ,  w e  need 
t o  de te rmine  a p e r t u r e s  and p o s i t i o n s  o f  masks s u i t a b l e  f o r  d e p o s i t i n g  a l e n s  w i t h  
t h i s  p r o f i l e  on  t h e  waveguide. A s  s t a t e d  ea r l i e r ,  w e  have found t h a t  f a i r l y  good 
approximat ions  t o  p r o f i l e s  of  i n t e r e s t  t o  us  can b e  o b t a i n e d  u s i n g  o n l y  two t h i n  
masks. Our model f o r  t h e  d e p o s i t i o n  system i s  a s imple  g e n e r a l i z a t i o n  of  t h a t  de- 
s c r i b e d  i n  r e f e r e n c e  8, and our  p r e s e n t  d e s i g n  procedure  might b e  termed computer- 
a i d e d  guesswork. 
The model f o r  t h e  e v a p o r a t i o n  system, and t h e  system i t s e l f ,  are i l l u s t r a t e d  
s c h e m a t i c a l l y  i n  f i g u r e  2. 
The e v a p o r a t i o n  s o u r c e  i s  modeled as a uniform d i s t r i b u t i o n  over  a c i rc le  of  
r a d i u s  b o f  p o i n t  s o u r c e s ,  each e m i t t i n g  As2S3 molecules  uniformly i n t o  t h e  hemi- 
s p h e r e  above t h e  s o u r c e .  The e x t e n t  t o  which t h i s  s i m p l e  model d e s c r i b e s  a c t u a l  
e v a p o r a t i o n  from a c r u c i b l e  h a s  n o t  been i n v e s t i g a t e d  exper imenta l ly .  It i s  p o s s i b l e  
t h a t  t h e  geometr ic  r a d i u s  b '  o f  t h e  t o p  of t h e  c r u c i b l e  o r  t h e  t o p  of t h e  m e l t  
d i f f e r s  from t h e  e f f e c t i v e  s o u r c e  r a d i u s  b t h a t  must b e  used i n  t h e  model. 
The l e n s - p r o f i l i n g  mask i s  modeled as a s imple  c i r c u l a r  h o l e  i n  a n  i n f i n i t e s i -  
m a l l y  t h i n  s h e e t  p a r a l l e l  t o  t h e  waveguide s u r f a c e .  The d i s t a n c e  h l  of t h i s  s h e e t  
from t h e  s u r f a c e  and t h e  r a d i u s  s of t h e  h o l e  are v a r i e d  by t r i a l  and e r r o r  t o  o p t i -  
mize  t h e  f i t  t o  t h e  d e s i r e d  p r o f i l e .  The f i t s  a re  t o  a l e n s  p r o f i l e  normal ized  t o  
u n i t y  a t  t h e  c e n t e r ;  w e  r e l y  on a s e p a r a t e  measurement of  t h e  central  t h i c k n e s s  t o  
o b t a i n  t h e  proper  l e n s  t h i c k n e s s .  To o b t a i n  a good f i t  n e a r  t h e  edge of t h e  l e n s ,  
an a d d i t i o n a l  mask v e r y  c l o s e  t o  t h e  s u b s t r a t e  is  used.  It i s  p o s i t i o n e d  experimen- 
t a l l y  t o  r e d u c e  t h e  lens t h i c k n e s s  t o  zero  a t  t h e  d e s i r e d  a p e r t u r e .  
Presumably w i t h  t h e  use  of enough a d d i t i o n a l  masks one can approach t h e  d e s i g n  
t h i c k n e s s  w i t h i n  an  a r b i t r a r i l y  s m a l l  e r r o r .  More i m p o r t a n t ,  though, i s  t h e  q u e s t i o n  
of how s m a l l  d e v i a t i o n s  from t h e  i d e a l  p r o f i l e  a f f e c t  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of 
t h e  l e n g s .  W e  i n t e n d  t o  i n v e s t i g a t e  t h i s  i n  f u t u r e  work. 
FABRICATION AND CHARACTERIZATION 
The As2S3 l e n s e s  a re  f a b r i c a t e d  i n  a c o n v e n t i o n a l  b e l l - j a r  high-vacuum evapora- 
The s o u r c e  i s  A s 2 S 3  f u s e d  g l a s s  which h a s  been hand 
5 t i o n  system. The system i s  t y p i c a l l y  pumped down t o  a p r e s s u r e  of  about  1 . 0  x 10- 
t o r r  by t h e  o i l  d i f f u s i o n  pump. 
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ground t o  form a f i n e  powder. 
c r u c i b l e  h e l d  by a c o n i c a l  t u n g s t e n  b a s k e t .  
i s  e s t i m a t e d  t o  b e  between 500 and 70OoC. 
series of masks i l l u s t r a t e d  i n  f i g u r e  2 and are d e p o s i t e d  onto  t h e  LiNbO3 s u b s t r a t e .  
Evapora t ion  t i m e s  v a r y  from 1 5  seconds t o  1 minute  and are c o n t r o l l e d  by a hand- 
o p e r a t e d  s h u t t e r .  Fi lm t h i c k n e s s e s  w e r e  e s t i m a t e d  d u r i n g  t h e  e v a p o r a t i o n  p r o c e s s  
by t h e  weight  of t h e  As2S3 used as t h e  s o u r c e  and t h e  e v a p o r a t i o n  t i m e .  
l e n s e s  w e r e  removed from t h e  system, t h e i r  t h i c k n e s s  p r o f i l e s  w e r e  v e r i f i e d  by 
T a l y s u r f .  W e  have r e c e n t l y  i n s t a l l e d  a q u a r t z  c r y s t a l  t h i c k n e s s  monitor  i n t o  
t h e  sys tem so  t h a t  w e  can a c c u r a t e l y  monitor  t h e  e v a p o r a t e d  f i l m  t h i c k n e s s  
i n - s i t u .  Care i s  t a k e n  t o  remove any fumes g e n e r a t e d  by t h e  e v a p o r a t i o n  sys tem 
from t h e  room. 
The As2S3 powder i s  t h e r m a l l y  evapora ted  from a q u a r t z  
The c r u c i b l e  tempera ture  (unmonitored) 
The As2S3 molecules  travel through t h e  
A f t e r  t h e  
To c h a r a c t e r i z e  t h e  o p t i c a l  q u a l i t y  of t h e  Luneburg l e n s e s  w e  have made, w e  
examined t h e  l i g h t  d i s t r i b u t i o n  i n  t h e  f o c a l  p l a n e .  The e x p e r i m e n t a l  arrangement  i s  
shown i n  f i g u r e  3. The i n p u t  beam w a s  d i r e c t e d  through a v a r i a b l e - w i d t h  a p e r t u r e  and 
t h e n  coupled i n t o  t h e  waveguide w i t h  a r u t i l e  pr ism.  The guided beam passed through 
t h e  l e n s  and t h e n  w a s  coupled o u t  w i t h  a n o t h e r  r u t i l e  pr ism.  The f o c a l  p l a n e  w a s  
e x t e r n a l  t o  t h e  waveguide and o u t p u t  c o u p l e r .  
f o c u s  t h e  f o c a l  r e g i o n  o n t o  a d iode-ar ray  s c a n n e r .  The s c a n n e r  c o n s i s t s  of 128  
photodiodes ,  each 1 5  pm wide and 26 pm l o n g ,  spaced 25 u m  a p a r t .  The s c a n n e r  o u t p u t  
w a s  d i r e c t e d  i n t o  a n  o s c i l l o s c o p e  where i t  w a s  d i s p l a y e d  as a p l o t  of d e t e c t e d  i n t e n -  
s i t y  i n  t h e  f o c a l  p l a n e  as a f u n c t i o n  of p o s i t i o n .  
An f / 2  imaging l e n s  w a s  used t o  re- 
EXAMPLES 
A l e n s  des igned  to f o c u s  t h e  TMo mode of  a n  i n - d i f f u s e d  waveguide s u p p o r t i n g  
o n l y  one mode of each p o l a r i z a t i o n  w a s  f a b r i c a t e d .  
g l a s s  i n  a n  18 .3  mm d iameter  q u a r t z  c r u c i b l e  p o s i t i o n e d  100 mm below t h e  waveguide. 
The p r o f i l i n g  mask had an a p e r t u r e  of 4 .7  mm and w a s  p l a c e d  22 mm below t h e  wave- 
guide ,  w h i l e  t h e  edge-def in ing  mask, w i t h  a n  a p e r t u r e  of 5 .9  mm, w a s  0 . 5  mm below t h e  
guide .  A 20 second e v a p o r a t i o n  y i e l d e d  a l e n s  w i t h  a c e n t r a l  t h i c k n e s s  of 0.74 pm, 
c l o s e  t o  t h e  d e s i g n  v a l u e  of 0.75 pm. The measured l e n s  p r o f i l e  as determined by 
T a l y s u r f  i s  compared w i t h  t h e  d e s i g n  p r o f i l e  i n  f i g u r e  4 .  Although t h e  l e n s  as fab-  
r i c a t e d  w a s  about  20% t o o  t h i c k  n e a r  t h e  edge, i t  focused  a TMo beam o n l y  s l i g h t l y  
smaller t h a n  t h e  f u l l  a p e r t u r e  w i t h  a f o c a l  l e n g t h  of  2 . 5  c m ,  c l o s e  t o  t h e  d e s i g n  
v a l u e  of 2.58 cm.  The f l a t n e s s  of  t h e  f a b r i c a t e d  l e n s  r e l a t ive  t o  t h e  d e s i g n  can  b e  
a l l e v i a t e d  by i n t r o d u c i n g  a d d i t i o n a l  p r o f i l i n g  masks. This  l e n s  w a s  des igned  assum- 
i n g  v a l u e s  of 2.293 f o r  t h e  r e f r a c t i v e  index  a t  t h e  waveguide s u r f a c e  and 2.40 f o r  
t h e  AL2S3 f i l m .  
as -depos i ted  f i l m  a t  633 nm i s  a t  l eas t  2.42 and may b e  h i g h e r .  This  w i l l  n o t  a f f e c t  
t h e  c a l c u l a t e d  p r o f i l e  g r e a t l y ,  b u t  w i l l  have an  e f f e c t  on t h e  d e s i g n  o v e r a l l  
t h i c k n e s s .  
The s o u r c e  w a s  0.36 g of As2S3 
More r e c e n t  measurements i n d i c a t e  t h a t  t h e  r e f r a c t i v e  i n d e x  of t h e  
An example of t h e  f o c u s i n g  q u a l i t i e s  of one of t h e s e  l e n s e s ,  as de termined  by 
t h e  f o c a l - s p o t  s c a n n i n g  procedure p r e v i o u s l y  d e s c r i b e d ,  i s  shown i n  f i g u r e  5 .  This  
l e n s  had a c e n t r a l  t h i c k n e s s  of 0.67 u m  and a f t e r  exposure  t o  a n  undetermined amount 
of u l t r a v i o l e t  l i g h t  had a measured f o c a l  l e n g t h  o f  2.67 cm. For a one-dimensional 
l e n s ,  t h e  half-power d i f f r a c t i o n - l i m i t e d  s p o t  s i z e  i s  g i v e n  by: 
A 0  
S = 0.8859 
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where Xo i s  t h e  e x t e r n a l  wavelength of t h e  l i g h t  used ,  Next i s  t h e  mode i n d e x  o u t s i d e  
t h e  l e n s  r e g i o n ,  f i s  t h e  l e n s  f o c a l  l e n g t h  i n  t h e  waveguide, and w i s  t h e  i n p u t  
a p e r t u r e .  We used a 4 mm a p e r t u r e  i n  t h i s  experiment;  consequent ly  t h e  minimum h a l f -  
power s p o t  s i z e  i s  1 . 6 3  pm. The measured v a l u e  i s  5 .4  um; so a t  t h i s  a p e r t u r e  t h i s  
l e n s  i s  about  t h r e e  t i m e s  d i f f r a c t i o n - l i m i t e d .  F i g u r e  5 shows t h a t  t h e  l e n s  i s  q u i t e  
symmetr ical  w i t h  l i t t l e  o f  t h e  focused  beam energy o u t s i d e  t h e  c e n t r a l  peak. 
The p o s t - f a b r i c a t i o n  o p t i c a l  s h o r t e n i n g  of t h e  f o c a l  l e n g t h  of t h e  l e n s  by expo- 
s u r e  t o  b l u e  o r  u l t r a v i o l e t  l i g h t  i s  i l l u s t r a t e d  by t h e  f o l l o w i n g  two examples.  
The f i r s t  l e n s  w a s  f a b r i c a t e d  by e v a p o r a t i n g  from a n  81 .6  mg charge  of  As2S3 
g l a s s  f o r  15 seconds.  
12 .5  cm. A f t e r  a 60 m J  exposure  t o  u l t r a v i o l e t  l i g h t  t h e  f o c a l  l e n g t h  d e c r e a s e d  t o  
10.5 cm. Subsequent exposures  of 30 m J  and 60 m J  s h o r t e n e d  t h e  f o c a l  l e n g t h  t o  
9 . 3  cm and 8.2 c m ,  r e s p e c t i v e l y .  A f t e r  a t o t a l  u l t r a v i o l e t  exposure of 540 m J ,  
t h e  TMo f o c a l  l e n g t h  had decreased  t o  5 .4  c m .  
This  8 mm d iameter  l e n s  had an  o r i g i n a l  TMo f o c a l  l e n g t h  of 
The second l e n s  w a s  f a b r i c a t e d  by e v a p o r a t i n g  from a n  80.6 mg charge  of As2S3  
This  8 mm d iameter  l e n s  had an  o r i g i n a l  TMo f o c a l  l e n g t h  of  g l a s s  f o r  20 seconds.  
5 . 6  cm. 
o f  600 m J  s h o r t e n e d  t h e  f o c a l  l e n g t h  t o  4 . 5  cm.  A f t e r  a t o t a l  exposure  of 2.4 J ,  
t h e  TMo f o c a l  l e n g t h  had decreased  t o  3 .8  c m ,  w i t h  no a p p a r e n t  a b e r r a t i o n s  induced 
by t h e  exposure p r o c e s s .  
The exposure s o u r c e  w a s  t h e  4880 1 l i n e  of  a n  a rgon  l a s e r .  An exposure  
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(a) Geodesic Lens 
Diffracting structure 
~- _- 
(b) Diffraction Lens 
High-index material 
eposited on surfac 
(c) Luneburg Lens 














F i g u r e  2.- Model of e v a p o r a t i o n  and masking system f o r  f a b r i c a t i o n  of A s  S 
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Figure 3.- Experimental arrangement for focal plane scan. 
9 .  1 
Figure 4 . -  Comparison of original design profile of Luneburg lens with that of 
actual lens determined by Talysurf ( + I s ) .  
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F i g u r e  5.-  Energy d i s t r i b u t i o n  i n  f o c a l  p l a n e  f o r  an  A s  S l e n s  of 26 .7  mm 
2 3  f o c a l  l e n g t h .  
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